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Introduction
With an estimated 316,000 new cases in 2015, thyroid cancer represents about 2% of all invasive cancers with a large between-country variability [1] . In North America, the age-standardized incidence rate of thyroid cancer was 20.0 cases per 100,000 among women and 6.3 cases per 100,000 among men in 2012 [1] . Thyroid cancer has an excellent vital prognosis with a 5-year survival rate of above 85% [2, 3] . Over the last few decades, the incidence of thyroid cancer has markedly increased in high-income countries [4] , including the United States [5] , South Korea [6] , the United Kingdom and several European countries [7] [8] [9] [10] [11] . It is the cancer with the fastest increase in frequency and if recent trends are maintained, thyroid cancer will be the fourth most common cancer by 2030 [12] . Further, in several studies, the increase in incidence was limited to papillary carcinoma, the most frequent and indolent histological form of thyroid cancer [10, 13] , and the thyroid cancer-specific mortality rate has remained stable or slightly decreased [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . An increase in incidence largely confined to the more indolent histological subtype and to early tumour stages, without concomitant increase in mortality, suggests cancer overdiagnosis, that is the detection of indolent cancer forms that will neither cause symptoms during a persons' lifetime, nor reduce lifespan [13] [14] [15] [16] [17] [18] .
Because most thyroid cancers are primarily treated by surgery, i.e., partial or total thyroidectomy [19] , overdiagnosis leads to overtreatment through the performance of unnecessary thyroidectomies without clear benefit for the patient. Incidence and mortality based studies supporting overdiagnosis [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] on the one side, and hospital-based series of increased number of thyroidectomies performed [20] [21] [22] on the other side, have been reported. However, no study has assessed concomitant trends in the incidence and mortality of thyroid cancer and related surgery at a population level.
Our aim was therefore to compare recent secular trends in surgical intervention rate for thyroid cancer with the incidence and mortality of invasive thyroid cancer in Switzerland. Our hypothesis was that an increase in the incidence of papillary subtype and early-stage thyroid tumors with a concomitant increase in thyroidectomy rates, but without increase in thyroid cancer-specific mortality, would provide indirect evidence for thyroid cancer overdiagnosis and overtreatment.
Materials and methods

Study design
We conducted population-based temporal trend analyses of incidence and mortality rates of thyroid cancer and of thyroidectomy rates in Switzerland between 1998 and 2012.
Data sources and case definition 1. Registry data for cancer cases and mortality. In Switzerland, registration of cancer is organized at the regional level with a high level of exhaustivity. Data on all new cancer cases are collected, documented and recorded by population-based regional cancer registries. The National Institute for Cancer Epidemiology and Registration (NICER) compiles and aggregates this data (www.nicer.org). Quality control procedures are based on the guidelines from the European Network of Cancer Registries [23] . In 2012, regional cancer registries covered 68% of the Swiss population and all contributed to this study (cantons Appenzell (Inner and Ausser), Basel (Stadt and Land), Geneva, Glarus, Graubünden, Jura, Luzern, Neuchâtel, Obwalden and Nidwalden, St. Gallen, Thurgau, Ticino, Uri, Vaud, Valais, Zug and Zürich). Cancer mortality data based on death reports are collected and checked by the Swiss Federal Statistical Office (SFSO), and were provided by NICER for this study.
Neoplastic [19] . Trends by stage were limited to Swiss regions for which staging was documented in over 90% of cases each year (Basel-Stadt, Basel-Land, Fribourg, Geneva and Valais) to allow reliable analyses. By focusing on invasive thyroid cancer cases diagnosed between 1998 and 2012, our analyses were not affected by the recent histological reclassification of encapsulated follicular variant of papillary cancer to noninvasive follicular neoplasm with papillary-like nuclear features [24] .
2. Hospital data for thyroid cancer surgery. Data on thyroid cancer surgery were collected from all Swiss inpatient cases using the SFSO's Hospital Medical Statistics. Surgical procedures are registered by a year-specific Swiss Classification of Surgical Interventions (CHOP) code [25] . Codes are determined by physicians and checked by trained medico-administrative staff to ensure their accuracy and completeness. In 2012, 99% of all hospitals in Switzerland were included with a case coverage of 98% of all admissions.
To analyze trends in surgery between 1998 and 2012, we used year-specific diagnostic ICD-O-3 and CHOP codes. We identified individuals with a diagnosis of invasive thyroid cancer (ICD-O-3 code: C73) who had major cancer-related surgery, that is, partial or total thyroidectomy (CHOP code: 06.2-06.5; unilateral hemithyroidectomy, other partial thyroidectomy, total thyroidectomy, substernal thyroidectomy) during the same year.
Assessment of overdiagnosis. There is no direct way to prove that a cancer has been overdiagnosed unless people are followed without treatment until they die of other causes. Secular trends incidence and mortality rates can however provide indirect evidence for overdiagnosis [15] . A substantial and sustained increase in incidence without concomitant increase in mortality of, and accordingly a parallel increase in surgery for, thyroid cancer are indirect evidence of overdiagnosis and resulting overtreatment, respectively. A substantial and sustained increase in incidence of early stage cancer without an increase in the incidence of advanced stage cancer can also be suggestive of overdiagnosis.
Statistical analyses. Rates were age-standardized to the European standard population. We computed annual thyroid cancer incidence rates stratified by sex, histological subtype, and tumour stage. We further computed annual thyroid cancer mortality rates and thyroidectomy (partial or total) rates stratified by sex. To smooth estimates, we computed absolute differences in using pooled data from the first three years (1998) (1999) (2000) and the last three years (2010-2012). We fitted a linear regression model to estimate the annual mean absolute and relative changes in the standardized rates with calendar year as predictor variable. Joinpoint statistical software (version 4.3; Surveillance Research Program, National Cancer Institute, Bethesda, MD) was used to identify and estimate the parameters of the linear model and to test for statistical significance. In Joinpoint, we used the grid search method and provided standard errors to adjust for heterosedascticity. To account for the possibility of incomplete recording in the three first years of the study period, a set of sensitivity analyses were conducted omitting data collected between 1998 and 2000. Statistical analyses were performed with STATA (version 13) and R-studio.
Ethics. Anonymised and publicly available aggregated data were used for our analyses. There was no threat to patient confidentiality. According to the Swiss Human Research Act (Humanforschungsgesetz HFG), no ethical approval or trial registration is needed for such analyses. Our study protocol was agreed upon by NICER. The SFSO allowed the analyses and publication of deidentified hospital data (contract 150 556).
Results
Between 1998 and 2012, 4,907 cases of thyroid cancer (women: 3,642; men: 1,265) were registered and analyzed. The total number of cases by year, sex, and histological subtype are reported in S1 Table. The age-standardized incidence rate of thyroid cancer was about three times higher in women than in men (Fig 1 panel A and B ; Tables 1 and 2 ). Between 1998 and 2012, it increased by 7% per year in women, corresponding to an absolute mean annual change of +0.43/100,000 women (95% CI: 0.37 to 0.49) ( Table 3) . During the same time period, the incidence of thyroid cancer increased by 4% per year in men, corresponding to an absolute mean annual change of +0.11/100,000 men (95% CI: 0.07 to 0.15).
The increase in incidence was essentially due to an increase in the papillary subtype (Fig 1  Panel A, B ; Table 1 ). Between 1998 and 2012, the age-standardized incidence of papillary carcinoma increased by 10% per year in women, corresponding to an annual mean change of +0.41/100,000 women (95% CI: 0.35 to 0.47). In men, the incidence increased by 8% per year, corresponding to an annual mean change of +0.11/100,000 men (95% CI: 0.08 to 0.15). In both sexes, there was no substantial change in the incidence of other histologic subtypes of thyroid cancer (Table 3) .
The absolute increase in the incidence of early stages of thyroid cancer was large, especially in women (Tables 2 and 3) . No statistically significant increase was observed for advanced stages in women, while a small absolute increase was observed in men.
Between 1998 and 2012, 592 deaths from thyroid cancer (women 397; men: 195) occurred. In contrast to the rising incidence, the thyroid cancer-related mortality slightly decreased in both sexes (Fig 1 Panel A, B; and Table 1 ). In women, the age-standardized mortality rate decreased by 3% per year, corresponding to an annual mean absolute change of -0.02/100,000 women (95% CI: -0.03 to -0.01). In men, the mortality rate decreased by 2% per year, corresponding to annual mean absolute change of -0.01/100,000 men (95% CI: -0.02 to 0.00).
Between 1998 and 2012, 6,419 cases of thyroidectomy (women: 4,763; men: 1,656) were registered in Switzerland (S2 Table) . In both sexes, a large increase in the rate of thyroidectomy was observed (Fig 1 Panel C, D; and Table 1 ). The age-standardized rate of thyroidectomy increased yearly by 17% in women, corresponding to an annual mean absolute change of +0.59/100,000 women (95% CI: 0.53 to 0.64), and by 15% in men, corresponding to an annual mean absolute change of +0.20/100,000 men (95% CI: 0.17 to 0.23) ( Table 3 ).
Discussion
Our study demonstrates a large rise in the incidence of thyroid cancer, confined to papillary carcinoma and early stage tumors, with a concomitant three-to four-fold increase in the rate of thyroidectomy and a slight decrease in thyroid cancer mortality in Switzerland between 1998 and 2012. These findings suggest that a substantial and growing part of the detected thyroid cancers are overdiagnosed and overtreated. Our results are consistent with several studies showing a rapidly increasing thyroid cancer incidence without a substantial change or a slight decrease in mortality in high-income countries [4, 7-11, 16, 26, 27] . In recent analyses comparing expected versus observed incidence, 45% to 70% of thyroid cancer cases were considered as overdiagnosed in France, South Korea, the United Kingdom and the United States [28] . The magnitude of our observed increase in the incidence of thyroid cancer over the last 15 years in Switzerland is close to the reported increase in the United States, but far less than in South Korea, where thyroid cancer screening with ultrasonography as health checkup is commonly performed by general practitioners since 1999 [6] . Trend analyses of thyroid cancer surgery are however much rarer [20] [21] [22] 29] . In the United States, hospital data revealed a 31% increase in the number of total thyroidectomies or lobectomies performed for thyroid nodule-related diagnoses between 2006 and 2011 [20] . Another report using discharge data from the Nationwide Inpatient Sample showed a 39% increase in the number of thyroid surgical cases for benign and malignant diseases between 1993 and 2008 with a growing proportion of operations performed for cancer [29] . In Illinois, the rate of thyroidectomies increased by 44% from 1999 to 2009 [21] . However, these rates were not age-standardized. A study from Belgium showed a correlation between thyroid surgery of any indication (mainly goiters) and detection of low-risk thyroid cancer after histologic work-up [30] . To our knowledge, our study is the first to report nationwide, population-based, and age-standardized estimates of the incidence of thyroid cancer and concomitant related surgery. We cannot exclude that unfavorable trends in risk factors for thyroid cancer could explain our observations. Radioactive exposure is a major risk factor, particular for papillary thyroid cancer [31] . Despite an increase in exposure from medical conditions, the overall radiation burden in Switzerland has declined following broad surveillance and protection measures [32] . The impacts on thyroid cancer rate of the nuclear power plant accident of Chernobyl in 1986 are difficult to assess. After this disaster, an increase in thyroid cancer was reported among children and adolescents exposed to radioactive iodine in Belarus, Russia, and the Ukraine [33] . In Switzerland, it was estimated that the impact of this accident on cancer in Switzerland was rather low, with an estimated 200 cases of additional cancer deaths of all types and with unknown effect on thyroid cancers [34] . Such an effect could not explain the large increase in the number of thyroid cancers observed in our study. Shortly after the Fukushima Daiichi nuclear plant accident in 2011, screening with thyroid ultrasound examination was implemented [35] . There was a large increase in the detection of thyroid cancer. However, this increase has been attributed mainly to overdiagnosis caused by the screening itself, as the time lag between the exposure and the increase in the incidence was very short, and as there was no direct correlation between the increase in the incidence and the regional level of radiation exposure [36] .
Another risk factor for thyroid cancer is iodine deficiency, predisposing to goiter and formation of thyroid nodules. In Switzerland, the salt is iodized since 1922 to ensure sufficient supply. Obesity and other factors related to diet and environment, hormones and genetic background are inconsistently reported risk factors for thyroid cancer and unlikely to influence materially our results, but cannot be excluded. However, it would be difficult to explain how a change in any of these risk factors would increase only the frequency of early stage cases or indolent forms of thyroid cancer without increasing the incidence of advanced stage cases and the mortality rate. Changes in histopathologic diagnostic criteria for thyroid cancer in 1988 led to a spurious upward trend in incidence in one Swiss region, but seemed unlikely to affect our study period [32, 37] . The most likely cause of the rise in the incidence of thyroid cancer is increasing detection due to incidental findings through advanced imaging and the systematic diagnostic exploration of small thyroid nodules. Autopsy studies have shown that there is a large reservoir of subclinical papillary thyroid cancers [38] . Three mechanisms have been identified to explain the growing number of thyroid cancer diagnosed: opportunistic screening (by physical examinations of the thyroid in asymptomatic patients), diagnostic cascade (through performance of multiple tests to evaluate vague complaints) and incidental findings (through detection of thyroid abnormalities on radiological examinations not performed to examine the thyroid) [5] . Although there are no recommendations to screen systematically for thyroid cancer in Switzerland, ultrasonography and guided fine-needle biopsy in patients with thyroid nodules are commonly performed. The high availability of advanced imaging (computed tomography (CT) scanners and Magnetic Resonance Imaging (MRI) units) per inhabitant in Switzerland (www.oecd.org) facilitates the prescription, e.g., of neck MRI or chest CT with the resulting risk of incidental findings of thyroid nodules and, eventually, of thyroid cancer [38] . Had thyroid cancer incidence remained at the level of 1998 in Switzerland and assuming that all the increase in the incidence was due to overdiagnosed cases, then at least one third of thyroidectomies could be unnecessarily performed each year in Switzerland. The slight decrease in thyroid cancer-specific mortality over time may reflect improved treatment strategies, thanks e.g. to refined surgical techniques with a lower complication rate and better post-surgical care. In contrast to our observations, Lim et al. recently described an increase in the overall incidence of thyroid cancer and related mortality in the US, such findings being consistent with a true (not only due to overdiagnosis) increase in thyroid cancer [39] . However, the absolute increase in mortality was very small compared with the huge increase in incidence, which points to a large contribution of overdiagnosis to the increasing incidence, as acknowledged by the authors. The increase in mortality could also indicate a worsening in quality of care and outcome of thyroid cancer surgery.
Our study has several strengths. First, our analyses rely on population-based and high quality data, including cancer registries and hospital-based statistics covering a large proportion of the population. Second, we analyzed trends in thyroid cancer and surgery for thyroid cancer during the same time period to compare incidence, mortality and surgery rates at a whole population level. However, our study has several limitations. As a time trend analysis, it can provide only indirect evidence of overdiagnosis and overtreatment. There is no direct way to prove that a cancer is overdiagnosed unless patients are followed untreated until they die of other causes [15] [16] [17] [18] . Although the Swiss population coverage by cancer registries was not nationwide, to the best of our knowledge, there is no reason to believe that thyroid cancer trends differ substantially across regions in particular by histological type or stage. Thus, the restriction of tumor stage analyses to regions for which staging was nearly systematically documented (over 90% of cases each year) appears unlikely to alter substantially our results. Also, we cannot exclude that surgery coding practices may differ between hospitals and change across time. These are general and well-known issues of studies using medico-administrative data [40] . To minimize this risk, we have taken into account changes of coding procedures for thyroid surgery over time using year-specific codes. Further, as thyroid surgeries are major procedures performed as inpatient intervention, the probability of cases not being registered and coded is very low.
In conclusion, our study provides indirect evidence of overdiagnosis and overtreatment of thyroid cancer. It appears that a substantial number of thyroid cancers that were never destined to cause symptoms in a person's life are detected and treated with potentially unnecessary surgery and considerable long-term consequences and risk of complications. Examination of the mechanisms that drive overdiagnosis and overtreatment of thyroid cancer is urgently warranted. Due notably to the harms of overdiagnosis, the US Preventive Services Task Force has recently updated its recommendation against routine screening for thyroid cancer (D level recommendation) [38, 41] . To identify which patients could benefit from the detection of early stage cases, a risk-based screening with combined diagnostic and prognostic tools (biomarker, personalized medicine) could be a promising approach to tailor prevention and screening according to the individual risk of thyroid cancer [42] . Further, active surveillance of incidental, asymptomatic and small papillary thyroid cancers should be seriously considered and tested in adequately designed clinical studies [7] . Meanwhile, patients should be informed of the overall excellent prognosis of the great majority of small papillary thyroid cancers, as well as of the uncertainties in our ability to identify "high risk" cancers [43] . 
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